ABSTRACT -Severe acute respiratory syndrome (SARS) is a newly emerged disease that rapidly spread around the world. The disease originated in southern China and a novel coronavirus (SARS CoV) has been implicated as the causative organism. The path this virus took to set up human infection remains a mystery, though preliminary data point to origins in an animal reservoir. Nosocomial transmission of SARS CoV has been a striking feature in this epidemic. The clinical illness is similar to many acute respiratory infections, although a large proportion of patients show a rapid deterioration with respiratory distress towards the end of the second week of illness. The management principles are broadly similar to treating any community acquired pneumonia but the infection control measures take a pivotal role. There is no proven antiviral agent against SARS CoV. The most remarkable feature about the SARS epidemic was the speed with which the global community acted in a coordinated way to control it. 
Severe acute respiratory syndrome (SARS) is a recently emerged human disease associated with pneumonia. This disease was first recognised in Guangdong Province, China, in November 2002. 1 Subsequent to its introduction to Hong Kong in mid-February 2003, the virus spread to more than 30 countries causing disease in over 8,000 patients across five continents. Through a massive worldwide response coordinated by the World Health Organization (WHO), SARS was successfully contained in less than four months. 2 Much has been learned about this syndrome since March 2003, including its causation by a new coronavirus (SARS CoV), but our knowledge about SARS coronavirus infection remains limited. The WHO warns that resurgence of SARS remains a distinct possibility and does not allow for complacency.
History
Plagues are as certain as death and taxes. 3 Over the last century several important human microbes causing severe acute respiratory disease have emerged (Table 1) . SARS CoV is not the first, and nor will it be the last of its kind. All these infections, with the exception of Legionnaires' disease, have one thing in common: the origin of the infective agent is in animals, either domestic or wild. Chlamydia pneumoniae and human metapneumovirus are examples of other new pathogens causing severe acute respiratory illness in which humans have always been the likely host. The source of SARS CoV remains to be determined.
When reports of a mysterious respiratory illness began to emerge from southern China in late 2002, no one knew what caused it. Would history be repeated with a strain as deadly as the 1918 pandemic strain which killed up to 40 million people? Was this caused by a supervirulent strain of flu, as seemed to be suggested by the coincidence of two deaths due to H5N1 influenza? Even in mid-March, when outbreaks elsewhere in Asia caused the WHO to release its first ever global alert that shot SARS on to the world's news agenda, the pathogen remained unknown. 1 The infectiousness of the disease, its mode of transmission and death rate were also unclear. Health officials were not sure whether they were dealing with a troubling, but ultimately limited, threat or a global mass killer. 4 The earliest cases are now known to have occurred in mid-November 2002 in Guangdong Province, China. SARS was carried out into the world at large on 21 February 2003 when an infected medical doctor from Guangdong checked into a ninth floor room of a Hong Kong hotel. That single hotel floor became the setting, in ways that remain incompletely understood, for the international spread of SARS. 5 At least 14 hotel guests and visitors carried the virus with them to the hospital systems of Hong Kong, Toronto, Vietnam and Singapore and triggered severe outbreaks. Hospital staff responding to the earliest cases failed to protect themselves from infection as the risks of transmission were unknown. As a result, the disease rapidly spread within hospitals, infecting staff, other patients and visitors, and then spilled out into the larger community as family members and their close contacts became infected.
Aetiology
Although SARS currently has no absolutely confirmed cause, a first approximation of Koch's postulates has been satisfied for a newly discovered virus within the family Coronaviridae: 6 Oropharyngeal specimens from patients with SARS induced a cytopathic effect on Vero E6 tissue culture cells. Electron microscopic examination of cultures revealed ultrastructural features characteristic of coronaviruses.
Immunohistochemical and immunofluorescence staining revealed reactivity with group I coronavirus polyclonal antibodies. Consensus coronavirus primers designed to amplify a fragment of the polymerase gene by reverse transcriptase-polymerase chain reaction (RT-PCR) were used to obtain a sequence that identified the isolate as a unique coronavirus only distantly related to previously sequenced coronaviruses. PCR methods detected the SARS virus in clinical samples from affected patients in diverse geographical locations.
Serological evidence has shown the presence of antibodies specific to the new coronavirus in the serum of patients with SARS. [6] [7] [8] [9] [10] [11] In experimental animal studies, infection of cynomolgus macaques (Macaca fascicularis) with SARS CoV resulted in pneumonia and necropsy proven pulmonary damage similar to that seen in human beings with SARS. 12 Collectively, these data strongly implicate this newly identified coronavirus SARS CoV as the cause of SARS.
Coronaviruses are large enveloped viruses with a positive stranded RNA genome ranging in size from 27 to 30 kb, the largest of any of the RNA viruses. In humans, coronaviruses are usually associated with the common cold but in animals they can lead to highly virulent respiratory, enteric and neurological diseases as well as hepatitis.
Analysis of the complete genome sequence of SARS CoV published in May 2003 suggests that it is not closely related to any of the three previously identified coronavirus subfamilies, nor does it seem to have arisen through a chance genetic recombination between known coronaviruses. 13 Its unique sequence suggests that it has evolved independently from other members of the family, probably in an animal host. 14, 15 
Epidemiology
The SARS coronavirus is believed to have jumped from an animal host to people in the animal markets in towns in the Guangdong province of southern China. The path the virus took to set up human infection -essential information for assessing the likelihood of recurrence -remains a mystery.
Knowledge of the chains of animals involved in transmitting the SARS virus to humans would help in the design of preventive measures. For example, when the Nipah virus epidemic began causing fatal encephalitis in livestock and people in Malaysia in 1998, about one million pigs were slaughtered. Later, when the natural reservoir of the virus was found to be fruit bats, farmers could take measures to isolate their livestock from bats; this eventually led to the control of that epidemic. 16 The early cases of SARS in Guangdong province reportedly occurred in restaurant workers handling wild animals as exotic food, 17 so attention was focused on wild animals recently captured and marketed for culinary purposes. Researchers from the University of Hong Kong examined 25 animals belonging to seven wild and one domestic animal species in a live animal market in southern China that supplies restaurants in Guangdong province. 18 Six of the animals tested were masked palm civets (Paguma larvata) (which look like long-nosed cats); four of these, which came from several different owners and appeared healthy, tested positive for SARS-like virus. One raccoon dog (a member of the dog family native to eastern Asia) was tested and found to have the virus in faeces. Sera from three animal species, the palm civets, raccoon dog and a Chinese ferret badger, had neutralising antibody to the animal coronavirus. Sera from up to 40% of the humans working in the market were also positive for the antibody. The serum from animals inhibited growth of the human SARS virus in the laboratory. Similarly, serum from people who recovered from SARS hindered growth of virus from the civets. This cross-reaction is a strong indication that these viruses are similar. Importantly, the full-length genome sequence of this animal coronavirus (S CoV) had 99.8% homology to the human SARS CoV, indicating that they are closely related. The only difference is a 29-nucleotide sequence which is not found in most human isolates. 18 These findings suggest that the markets provided a venue for the animal SARS CoV-like virus to amplify and transmit to new hosts, including humans. It is not, however, clear whether any one (or more) of these animals is the natural reservoir in the wild. It is conceivable that civets, raccoon dogs and ferret badgers were all infected from another, as yet unknown, animal source (possibly a smaller mammal easily consumed by all three), which is possibly the true reservoir in nature. Further extensive surveillance as proposed by the WHO 19 would help to understand the animal reservoir and the interspecies transmission events that led to the outbreak of SARS. Evolution, propagation and persistence of infectious diseases in the twenty-first century is thought to be facilitated both by the ease of mobility in contemporary society, for example through air travel, and by the growth in the world population, primarily the rise in the number of densely populated urban areas, especially in Asia. The key epidemiological determinants of the magnitude and timescale of an epidemic are:
the interval between infection and onset of symptoms the interval between onset and hospital admission the degree and duration of infectiousness of the agent the extent of contact and mixing between infectious and susceptible people enabling transmission of the virus impact of public health interventions. 20 For epidemiologists, the key parameter reflecting the above is known as Ro, a measure of a disease's infectiousness. Ro corresponds to the number of people infected by each patient in the absence of public health measures. A model of the spread of SARS gave a Ro of between two and four, 21, 22 indicating that public health measures (eg patient isolation) would be sufficient to bring the epidemic under control. This contrasts with flu which has a Ro of about 10; in this case, quarantining those who show symptoms is not enough to bring the average number of new infections caused by each case below one, the level necessary for an epidemic to be contained.
Nosocomial transmission of SARS CoV has been a striking feature of the SARS outbreak, with as many as one in five of all cases being in healthcare workers. Most cases are adults, with children rarely identified. The mean incubation period is five days with a range of 2-10 days, although there are isolated reports of longer incubation periods. There have been no reports of transmission occurring before the onset of symptoms. The mean time from the onset of clinical symptoms to admission to hospital was 3-5 days, with longer times earlier in the epidemic. 20 The dynamics of transmission of SARS fits with the idea that it is spread by close contact, requiring its victims to breathe in droplets of virus laden mucus -explaining why most transmission occurred in confined settings like hospitals.
A recent case control study in five Hong Kong hospitals looked at the effectiveness of precautions against the spread of SARS. It concluded that the practice of droplet and contact precaution is adequate in significantly reducing the risk of infection after exposure to SARS. 23 Transmission by the faecal-oral route has also been reported in some instances. 5 
Pathogenesis
The histological changes of uncomplicated viral pneumonias are rarely described. Reports tend to be derived from post-mortem examination of patients who succumb to the pneumonia, and thus may not be representative of the majority of pneumonia patients who survive. The same is also true of SARS. Several distinct features of fatal coronaviral pneumonia have been identified: 24 epithelial cell proliferation diffuse alveolar damage macrophage infiltration of the lungs haemophagocytosis (a feature attributed to cytokine dysregulation).
These pathological features of SARS CoV pneumonia are similar to H5N1 influenza pneumonia. 25 Experimental studies in which macrophages are infected in vitro suggest that the H5N1 influenza viruses are hyperinducers of pro-inflammatory cytokines. 26 Human coronavirus can replicate in human macrophages in vitro. 27, 28 Taken together, it has been suggested that in SARS CoV pneumonia, pro-inflammatory cytokines released by stimulated macrophages in the alveoli have a prominent role in the pathogenesis of SARS leading to cytokine dysregulation. This idea has implications for the management of coronaviral pneumonia, as interventions with steroids might modulate this cytokine response and prevent fatal outcome. 28 
Clinical features
The clinical illness is like many other acute respiratory infections. Table 2 illustrates the common clinical features in different settings. [29] [30] [31] [32] [33] [34] The clinical progression of SARS is mostly uniform, with a biphasic pattern of illness characterised by a wave of deterioration towards the end of the second week (Table 3) .
Week 1 of illness
Patients initially develop influenza-like prodromal symptoms. Presenting symptoms include fever, malaise, headache, and rigors. No individual symptom or cluster of symptoms has proven specific. Although history of fever is the most frequently reported symptom, it may be absent on initial measurement. 19
Week 2 of illness
Cough, dyspnoea and diarrhoea may be present in the first week but are more commonly reported in the second week of illness. At this stage up to 70% of the patients develop diarrhoea, which has been described as large volume and watery without blood or mucus. 35 Towards the end of the second week severe cases deteriorate, developing rapidly progressing respiratory distress with about 20% requiring intensive care. 36 Laboratory findings include lymphopenia (70%), thrombocytopenia (45%), elevated lactate dehydrogenase (LDH) (70%), raised creatine kinase and alanine aminotransferase (AAT) (30%). 37 Radiological findings in SARS are well characterised on both chest radiograph and computed tomography (CT) scan. [38] [39] [40] [41] [42] [43] On chest radiograph, there is predominant lower zone (65%) and peripheral lung (75%) involvement (Figs 1(a) and 1(b) ). These changes are confirmed by high resolution CT scanning and may be seen even when the chest radiograph is normal. Lack of cavitation, lymphadenopathy and pleural effusion are typical of SARS. Other common findings include mainly ground glass opacification and sometimes consolidation, interlobular septal and intralobular interstitial thickening. The pattern of peripheral ground glass opacification is different from the central pattern seen in atypical pneumonias caused by Mycoplasma, Chlamydia and influenza species. 44 The clinical symptoms of SARS may not allow ready distinction from other common wintertime respiratory viral infections (Table 2 ). Certain characteristics of SARS are noteworthy: the constellation of absence of upper respiratory symptoms, the presence of dry cough and minimal auscultatory findings with consolidation on chest radiograph may alert the clinician to the possible diagnosis of SARS. However, detailed comparative studies of pneumonia with other causes are yet to be published.
Independent predictors of an adverse outcome or severe disease varied in different trials. [45] [46] [47] They included:
older age severe lymphopenia impaired AAT delayed starting of ribavarin and steroid high peak LDH high neutrophil count at presentation presence of comorbid conditions chronic hepatitis B virus infection.
Increasing age is a universal risk factor in all studies; this is reflected in the case fatality rate which is much lower in patients below 60 years (13.2%) than in those over 60 years (43%).
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Diagnosis
There was a lack of reliable laboratory tests 48 at the start of the epidemic, so on the basis of early findings in hospitals the WHO produced case definitions for suspected and probable cases of SARS to be used for screening patients before admission to hospital and in non-clinical contexts such as airports. Subsequent prospective validation of the WHO criteria for identifying patients only with SARS out of hospital, in a screening clinic in Hong Kong, showed a sensitivity of only 26% and specificity of 96%. 49 This highlights the limitations of the current WHO guidelines. The authors suggest that daily follow-up, evaluation of non-respiratory systemic symptoms and chest radiography may be better screening tools. The latest WHO case definitions are summarised in Table 4 .
Finally, it is important to identify other common microbial causes of community-acquired pneumonia (CAP) by appropriate tests. Co-infection with SARS and conventional respiratory pathogens does occur, so the finding of another microbial cause does not exclude SARS.
Management
Guidelines for the management of SARS have been produced. The principles of its management are listed in Table 5 . 50 Broadly Pandurangan Vijayanand, Ed Wilkins and Mark Woodhead speaking, at presentation SARS is like CAP. Hence the management steps should consist of: prompt diagnostic procedures severity assessment use of broad spectrum antimicrobials, as with any CAP, until the infective agent is identified infection control measures (a pivotal role in management). Further issues that may arise and need to be considered while patients are in hospital are discussed below.
Respiratory support and procedures
Procedures and practices that promote aerolisation should be avoided wherever possible to reduce the risk of infection to healthcare workers. These procedures include use of high-flow oxygen, nebulisers, continuous positive airway pressure, non-invasive ventilation, chest physiotherapy, bronchoscopy, tracheal intubation, suctioning and humidification. If essential, these procedures should be planned and controlled. 51 
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Critical care
Early intubation of patients with impending respiratory failure is preferred. 52 
Steroids
The biphasic nature of the illness and evidence from pathological studies suggest that steroids could prevent or ameliorate the rapidly progressive respiratory distress by modulating the cytokine dysregulation seen in the later stages of SARS. 29 There is no evidence of any effect on mortality, but use of high-dose steroids has been reported to contribute to decrease in fever and the need for oxygen supplementation. 53 These findings are not based on controlled data and there remains concern regarding the use of high-dose steroids, particularly risk of infection. 54 A recent study has shown the superiority of pulsed steroids over daily treatment. 55 The current recommendation is to consider moderate doses of steroids in severely ill patients with SARS with increasing oxygen requirements, with PaO 2 below 10 kPa or oxygen saturation below 90% on air.
Ribavarin
The evidence for the efficacy of ribavarin is lacking when used blindly in the early stages of the epidemic. In laboratory studies, no in vitro activity against SARS CoV has been demonstrated. Use of ribavarin is associated with a significant toxicity, including haemolysis (in about 76% of patients) and decrease in haemoglobin of 2 g/dl (in about 49%). 56 Routine use of ribavarin in patients with SARS is therefore not currently recommended.
Other treatments
A variety of experimental treatments have been administered to patients with severe illness. The risk and benefits of each are currently not documented. They include:
proteinase inhibitors intravenous immunoglobulins convalescent serum tumour necrosis factor alpha-blockers interferons 57 traditional Chinese medicines.
Future
New drugs
Are new drugs for SARS on the horizon? A Frankfurt team has shown that glycyrrhizin (derived from liquorice roots) can kill SARS virus cultured in monkey kidney cells. 58 Another German group has recently identified the structure of a key SARS enzyme proteinase which plays a key role in viral replication. 59 Using a computer model of this structure, they have begun to predict which drugs might inhibit the activity of the enzyme.
Vaccination
Will we have a vaccine to combat SARS? Vaccines already exist for animal coronaviruses; vaccine biologists are applying this expertise to SARS. 60, 61 Various techniques for vaccine development are being tried. One is targeted genetic modification of SARS virus whereby genes not needed for virus survival but required for it to cause disease are selectively deleted. Another approach uses genetically engineered harmless viruses which contain only those genetic sequences from the SARS virus that are necessary to stimulate the human immune system. This approach has been used to develop a prototype vaccine against a coronavirus that causes bronchitis in chickens. 62 
Conclusions
The sudden appearance of a pestilence like SARS is not without precedent, but what is remarkable is the speed with which the world's health community was ready to act in a coordinated way to develop specific diagnostic tests to identify and institute control measures which led to the control of the epidemic. 63, 64 This epidemic serves to confirm the continued threat of infectious diseases, of new infections to evolve and, above all, their global nature in the twenty-first century. It is to be hoped that the lessons learnt from this epidemic will provide a useful template with which to approach future epidemics of acute respiratory infections when they come along, as they surely will. Whether SARS will re-emerge as an epidemic infection is currently unknown.
